L isteria monocytogenes is a Gram-positive bacterium with a unique intracellular life cycle that allows it to spread from cell to cell without being exposed to the extracellular environment (1). Within 15 min of i.v. inoculation of a mouse, 90% of the bacteria resides in the liver, and most of the remaining inoculum can be found in the spleen (2, 3) . During primary infection of mice, Listeria grow in a largely unrestricted fashion for 1-2 days, and then the exponential growth of bacteria is inhibited by innate immune mechanisms. Neutrophils, NK cells, and activated macrophages are critical for early control of Listeria infection. These cells migrate to the spleen and liver during the first 3-4 days of infection; however, they cannot completely eliminate the bacteria (4) .
Specific adaptive immunity in the form of CD8 ϩ CTL is necessary for complete clearance of L. monocytogenes. Although CTL appear to recognize Listeria-derived peptide/MHC complexes within the first 24 h of infection (5) , their activation, differentiation, and proliferation require several days before T cells are found in significant numbers at sites of infection. Because Listeria survive and multiply within host cells, CTL presumably act by lysing infected cells, releasing the bacteria for subsequent phagocytosis by neutrophils and activated macrophages. Within 10 -14 days after a primary infection, organisms are completely cleared from the spleens and livers of BALB/c mice. As a result of this infection, these animals have long-lasting, sterilizing immunity against rechallenge with L. monocytogenes, even when given a inoculum of bacteria that would be lethal to a naive mouse. During subsequent infections, Listeria growth also peaks within the first 1-2 days. However, on the third day after infection, memory T cells begin to appear in the spleen and liver and the bacterial load is completely cleared within 4 -5 days (3, 6) . No significant role for humoral immunity has been established.
Listeria-specific T cells restricted by both class Ia (K, D, L) and class Ib MHC (Q, T, M) molecules are activated during infection. The K d molecule presents at least five distinct peptide epitopes to CTL that are derived from three secreted Listeria proteins: listeriolysin O (LLO) [91] [92] [93] [94] [95] [96] [97] [98] [99] , 3 p60 217-225 , p60 449 -457 , p60 476 -484 , and metalloprotease 84 -92 (7) (8) (9) (10) (11) . Adoptive transfer studies and vaccination strategies designed to elicit a single epitope-specific CTL response have shown that T cells specific for either LLO [91] [92] [93] [94] [95] [96] [97] [98] [99] or p60 [217] [218] [219] [220] [221] [222] [223] [224] [225] can each provide a limited degree of protection against infection with L. monocytogenes (12) (13) (14) . However, CTL specific for only one Listeria-derived peptide cannot provide the same level of protection as generated during a natural sublethal infection, and it is not known how many different CTL specificities must be activated to achieve full protection.
The class Ib MHC group includes both the H-2-encoded Q, T, and M molecules and proteins encoded outside the MHC locus, such as CD1 and FcRn. Although the number of potential Agpresenting molecules in the class Ib MHC group far exceeds the number of class Ia MHC molecules, much less is known about the class Ib MHC group. Class Ib MHC molecules generally have lower cell surface expression levels and may be expressed in only a limited number of tissues (15) . To date, the only class Ib MHC molecules that have been shown to present Listeria-derived Ags to CTL are M3 and Qa-1 b . M3 presents at least three L. monocytogenes-derived peptides to CD8 ϩ T cells, each of which contains an N-terminal formyl methionine: fMIVIL, fMIGWII, and fMIVTLF (16 -18) . Adoptive transfer of a fMIGWII-specific CTL line into naive mice before lethal challenge with L. monocytogenes reduced the bacterial load by 10-to 100-fold, suggesting that these T cells can participate in protective immunity against Listeria (19) . It is not yet clear whether fMIVIL-or fMIVTLF-specific CTL play any role in clearance of L. monocytogenes infections. Qa-1 b -restricted CTL have also been detected after Listeria infection, but the antigen recognized by these T cells is not known (20) .
Challenge studies using ␤ 2 -microglobulin (␤ 2 m)-deficient mice underscore the importance of CD8 ϩ T cells for clearing L. monocytogenes infections. ␤ 2 m is required for expression and stability of both class Ia and Ib MHC molecules on the cell surface during thymic selection. In the absence of ␤ 2 m, functional CD8 ϩ T cells do not mature. As expected, C57BL/6 ␤ 2 m Ϫ/Ϫ mice were able to contain the initial burst of L. monocytogenes growth but were not able to efficiently resolve the infection (21, 22 In this study, we backcrossed the K bϪ/Ϫ D bϪ/Ϫ mutation onto a C.B10 (BALB/c congenic with C57BL/10 mouse at H-2 locus) background to investigate the contribution of class Ib MHC-restricted T cells using the L. monocytogenes systemic mouse model of infection. We show that the few CD8
ϩ T cells present in these mice proliferate extensively during a primary Listeria infection, respond much more rapidly during secondary infection, and are the major component of acquired immunity against lethal challenge with L. monocytogenes.
Materials and Methods

Mice
BALB/cBy/J and C57BL/6/J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). C.B10-H2 b /LilMcd/J (herein referred to as C.B10) mice were originally obtained from The Jackson Laboratory and then bred in a specific pathogen-free barrier facility at Harvard Medical School. C.B10 is a congenic strain identical to BALB/c (H-2 d ) at all loci except for the H-2 locus, which was derived from a C57BL/10 (H-2 b ) mouse. They express K b and D b on the surface of all nucleated cells; the H-2 locus of this mouse does not contain an L gene (24) . K bϪ/Ϫ D bϪ/Ϫ mice, generated as previously described (23), were backcrossed onto both the C57BL/6 and the C.B10 strain six times. At the third (N3) and sixth (N6) backcross generation, heterozygotes were brother-sister mated. Homozygotes were identified from the progeny of these matings by screening for wild-type or mutant K b and D b alleles (by PCR of tail DNA) and the presence or absence of K b and D b expression on the surface of peripheral blood cells. N3 and N6 homozygotes (Ϫ/Ϫ and ϩ/ϩ) were brother-sister mated, and the progeny were used for the experiments described in this text. As expected, the 
Cell culture
The EL-4 thymoma (H-2 b ), J774 monocyte-macrophage (H-2 d ), and L929 fibroblast cell lines were obtained from the American Type Culture Collection (Manassas, VA) and maintained at 37°C in 7% CO 2 in a medium (RP-10) consisting of RPMI 1640 (Life Technologies, Gaithersburg, MD) supplemented with L-glutamine, HEPES, 50 M 2-ME, and 10% FCS. Bone marrow-derived macrophages (BMM⌽) were harvested from femurs of mice, plated in DMEM (Life Technologies) supplemented with 20% FCS and 20% L929 cell supernatant, and fed every 3-4 days. To generate T cell lines, splenocytes from infected mice were stimulated weekly on syngeneic BMM⌽ that were infected with Listeria for 4 h and then irradiated (2000 rad). Primary T cell cultures were maintained for 14 days in RP-10 and were then grown in RP-10 supplemented with supernatant from Con A-stimulated rat splenocytes and 50 mM ␣-methyl mannoside. The LLO 91-99 -specific CTL clone 479-2 was generously provided by J. Harty (University of Iowa, Iowa City, IA) and was maintained by weekly stimulation on irradiated BALB/c splenocytes coated with synthetic LLO 91-99 peptide.
Listeria monocytogenes infection
For in vitro infections, L. monocytogenes was grown to early log phase in brain-heart infusion broth (Difco, Detroit, MI), washed twice in PBS, and added to cells at a multiplicity of infection of 2. Contact between the cells and the bacteria was facilitated by centrifugation of the tissue culture dishes at 800 ϫ g for 10 min at 35°C. After 1 h of incubation at 37°C and 7% CO 2 , the cells were washed three times with warm PBS and then treated with RP-10 containing 50 g/ml gentamicin (Sigma-Aldrich, St. Louis, MO) to kill extracellular bacteria. For infection of mice, L. monocytogenes was grown to stationary phase, aliquoted, titered, and stored at Ϫ80°C. Before injection, bacteria were thawed on ice, grown to early exponential phase in brain-heart infusion broth, and diluted in PBS. The LD 50 of L. monocytogenes strain 10403s is ϳ1 ϫ 10 4 CFU in BALB/c mice and ϳ2 ϫ 10 5 CFU in C57BL/6 mice. For primary infections, a dose equal to 0.1-0.2 LD 50 was suspended in 200 l of PBS and injected into the tail vein of 6-to 12-wk-old mice. Secondary infections (5-10 LD 50 ) were given by i.v. inoculation 3-5 wk after the primary infection.
Abs/flow cytometry
The following purified and/or fluorescently conjugated Abs were pur- . Cells were suspended in flow cytometry buffer consisting of 0.5% BSA in PBS. The cell suspension was incubated with fluorescently conjugated Abs at a concentration of 0.1 mg/ml for 30 min on ice. Cells were then washed twice with flow cytometry buffer. Fluorescence intensities were measured using a FACScan flow cytometer (BD Biosciences, San Jose, CA), and analysis was performed using CellQuest software (BD Biosciences). Dead cells and monocytes were excluded using forward and side scatter gating. Typically, 10,000 events were collected for murine peripheral blood phenotyping, and 50,000 events were collected for intracellular cytokine staining (ICCS).
Adoptive transfer experiments
Donor female C.B10 K bϪ/Ϫ D bϪ/Ϫ mice were immunized with ϳ1000 CFU of L. monocytogenes (immune groups) or PBS (naive group). Fourteen days later, the spleens of these mice were harvested and pooled in groups of two, and single-cell suspensions were prepared. RBC were lysed with Tris-buffered NH 4 Cl, pH 7.2. Male C.B10 K bϪ/Ϫ D bϪ/Ϫ recipient mice (groups of four) were each given the equivalent of one-half of a spleen consisting of naive splenocytes, immune splenocytes (no depletion), CD4
ϩ -depleted immune splenocytes, or CD8 ϩ -depleted immune splenocytes. T cell line S169.8 was split 2-fold 4 days after restimulation and collected for transfer 3 days later. All donor cells were washed twice with PBS and injected i.v. Recipient mice were challenged with 3 ϫ 10 4 L. monocytogenes 15-60 min after injection of the T cells. Mice were sacrificed 3 or 4 days after infection, and spleens and livers were harvested, homogenized, and diluted in 1% Nonidet P-40 and plated on tryptic soy agar (Difco) containing 10 g/ml streptomycin (Sigma-Aldrich) to determine the total number of CFU per organ.
Depletion of T cells using Ab-coated magnetic beads
CD4
ϩ and/or CD8 ϩ T cell subsets were depleted from splenocyte suspensions or T cell cultures using mAb-coated magnetic Dynabeads (Dynal Biotech, Lake Success, NY). The extent of CD4 ϩ or CD8 ϩ T cell depletion in each preparation was assessed by staining with PE-conjugated anti-TCR-␤, FITC-conjugated anti-CD4 and APC-conjugated anti-CD8 monoclonal Abs as described above. In two separate experiments, the range of T cell depletion from splenocyte suspensions was 93-97% for CD4 ϩ cells and 42-95% for CD8 ϩ cells.
ELISPOT assay
The frequency of fMIVIL-, fMIGWII-, and fMIVTLF-specific CTL in line S169.8 was determined by ELISPOT assay as described previously (25) . Briefly, 96-well filtration plates (0.45-m pore size cellulose ester membrane; Millipore, Bedford, MA) were coated with 10 g/ml rat anti-mouse IFN-␥ Ab and then blocked with medium containing 5% FCS. Dilutions of T cells were incubated for 24 h at 37°C and 7% CO 2 in CTL medium with either EL-4 cells or EL-4 cells treated with 1 M synthetic peptide for 1 h (1 ϫ 10 5 per well). N-Formylated peptides were purchased from Biosynthesis (Lewisville, TX). The plates were then washed with PBS containing 0.25% Tween 20, and any remaining cells were lysed with distilled water. After incubation with a biotinylated rat anti-mouse IFN-␥ Ab (XMG1.2; BD PharMingen), the plates were washed with PBS containing 0.25% Tween 20 and incubated with streptavidin-labeled peroxidase (BD PharMingen) in PBS plus 5% FCS for 1 h at room temperature. Plates were developed by adding 3,3Ј-diaminobenzidine tetrahydrochloride dihydrate (Bio-Rad, Melville, NY) in Tris buffer plus hydrogen peroxide for 30 min at room temperature, and spots were detected on the membranes with the aid of a dissecting microscope. Each spot represents an area in which a single CTL recognized its cognate Ag and was stimulated to locally secrete IFN-␥. The number of Ag-specific cells was determined by subtracting any spots observed for EL-4 cells alone from the number of spots observed for peptide-coated EL-4 cells.
ICCS
ICCS was performed using the Cytofix/Cytoperm Plus (with GolgiPlug) kit (BD PharMingen). Briefly, BMM⌽ (6 ϫ 10 5 /well) were plated in 24-well dishes overnight in antibiotic-free medium and then infected for 4 h as described above. T cells were harvested 10 days after restimulation and were added (1 ϫ 10 6 /well) to the BMM⌽ in the presence of 1 l/ml GolgiPlug. After 6 h of incubation at 37°C and 7% CO 2 , the cells were harvested from each well, washed twice in FACS buffer, and incubated with Abs directed against the Fc␥II/IIIR (Fc Block; BD PharMingen, diluted 1/100), FITC-conjugated anti-TCR ␤ , and APC-conjugated anti-CD8 for 30 min on ice. Stained cells were washed twice with FACS buffer and then fixed by incubating in 250 l of Cytofix for 20 min on ice. Fixed cells were washed twice in FACS buffer and left overnight at 4°C in the dark. The following day, the cells were centrifuged, permeabilized by incubating in 250 l Cytoperm for 30 min on ice, and washed twice in permeabilization/wash buffer. After staining with either PE-conjugated anti-IFN-␥ Ab or PE-conjugated rat IgG1 for 30 min on ice, the cells were washed twice in permeabilization/wash buffer and resuspended in 400 l of FACS buffer before flow cytometric analysis.
Cytotoxicity assay
Target cells were infected with L. monocytogenes as described above for a total of 4 h, harvested, and then incubated with sodium [
51 Cr]chromate for 1 h at 37°C and 7% CO 2 . The cells were washed three times with RPMI 1640 and resuspended in RP-10 medium at 1 ϫ 10 5 cells/ml, and 100 l per well were added to 96-well plates. Serial dilutions of T cells were added in a final volume of 200 l/well, and the plates were incubated for 4 h at 37°C and 7% CO 2 . Spontaneous release was determined in wells containing target cells with no T cells. Maximum release was determined by the addition of 1% Triton X-100 to wells containing only target cells. The cytotoxic activity of the T cells was evaluated by measuring 51 Cr release in the supernatant on a Wallac (Wallac, Gaithersburg, MD) 1470 Wizard gamma counter. Percent specific lysis was calculated using the formula: % specific lysis ϭ 100 ϫ [(release by T cells Ϫ spontaneous release) Ϭ (maximum release Ϫ spontaneous release)].
Results
Generation of C.B10 (BALB/c congenic) class Ia MHC-deficient mice
We backcrossed the K bϪ/Ϫ D bϪ/Ϫ mutation onto both BALB/c and C57BL/6 strain backgrounds to generate class Ia MHC-deficient mice that could be used to investigate the role of class Ib MHCrestricted T cells in the clearance of intracellular bacterial pathogens such as L. monocytogenes. The K bϪ/Ϫ D bϪ/Ϫ mutation was generated in a predominantly H-2 b strain background (23); thus, backcrossing onto C57BL/6 mice was a simple process that only required screening for the presence of mutant K b and D b alleles and the absence of wild-type alleles (see Materials and Methods). However, BALB/c mice encode a functional L gene product and Q, T, and M molecules that may or may not be same alleles found in an H-2 b locus. Therefore, to simplify the screening process at each backcross generation, we elected to use C.B10 mice, a BALB/c-congenic strain identical with BALB/c (H-2 d ) at all loci except for the H-2 locus, which was derived from a C57BL/10 (H-2 b ) mouse. Because there were no previously published reports describing Listeria infection of C.B10 mice, we performed a series a experiments to verify that C.B10 mice are comparable to BALB/c mice in their innate susceptibility to L. monocytogenes. The kinetics of primary sublethal infection in each of these mouse strains is shown in Fig. 1A . In both C.B10 and BALB/c mice, the bacterial load peaked at ϳ4 days postinfection. During the next few days, the number of organisms in both the spleen and the liver slowly decreased. By 14 days after infection, the bacteria were completely cleared from these mice. As shown in Fig. 1B , similar survival curves were observed when C.B10 or BALB/c mice were infected with a lethal dose of Listeria, with all mice succumbing within 4 to 5 days. In addition, we showed that as a result of primary sublethal infection, C.B10 mice develop an enhanced recall response against subsequent lethal challenge with L. monocytogenes (Fig.  1C) . A significant degree of protection was observed when comparing the number of organisms present in naive or immune C.B10 and BALB/c mice after secondary infection. These results suggest that C.B10 mice have the same natural susceptibility to Listeria infection and the same ability to induce protective acquired immunity as BALB/c mice.
The role of CD8 ϩ T cells has been explored extensively in both BALB/c and C57BL/6 mice during the past few decades. However, susceptible mouse strains such as BALB/c have a slower clearance rate and a lower LD 50 for Listeria infection than resistant strains such as C57BL/6. To confirm that C57BL/6 K bϪ/Ϫ D bϪ/Ϫ mice were also naturally more resistant to i.v. Listeria infection than C.B10 K bϪ/Ϫ D bϪ/Ϫ mice, we challenged both strains of mice with 8 ϫ 10 3 CFU of L. monocytogenes (Fig. 2) . Twenty-four hours postinfection, all mice had significant bacterial loads in the spleen and liver. However, 2 days later, the C57BL/6 K bϪ/Ϫ D bϪ/Ϫ mice already had a reduced bacterial burden, whereas the number of Listeria remained high in the C.B10 K bϪ/Ϫ D bϪ/Ϫ mice (Fig. 2) . Because the bacterial load was higher in the C.B10 K bϪ/Ϫ D bϪ/Ϫ mice, we chose to study this mouse model of Listeria infection to fully appreciate the role of CD8 ϩ T cells in the complete clearance of an intracellular pathogen. Although Ag-specific T cells are activated early during an infection, it is generally believed that migration of CTL to sites of infection requires several days of differentiation and proliferation. Therefore, in the C57BL/6 K bϪ/Ϫ D bϪ/Ϫ mice, components of innate immunity such as neutrophils, NK cells, and activated macrophages were most likely responsible for clearing Listeria within the first 3 days of infection.
Protective CD8
ϩ T cell immunity can be generated in class Ia MHC-deficient mice whether the few CD8 ϩ T cells present in the class Ia MHC-deficient mice could be sufficiently stimulated to provide protective immunity. Control groups of mice received i.v. injections of PBS. Three weeks later, all mice were challenged with a lethal dose of L. monocytogenes. Three days after infection, naive mice had very high numbers of Listeria in their spleens and livers (Fig. 3) . These mice were moribund and would have succumbed to infection within 24 h if they had not been sacrificed. However, both groups of immunized mice appeared healthy and had at least 3 orders of magnitude fewer bacteria present in their spleen and liver (Fig. 3) . These findings suggest that protective immunity was generated in class Ia MHC-deficient mice. This recall response presumably consisted of memory T cells capable of responding to secondary infection much more rapidly than during a primary infection.
Previous studies using BALB/c mice have shown that only the CD8 ϩ T cells in the spleen are required to passively transfer Listeria-specific immunity to naive mice (26, 27) . To confirm that the acquired immunity we observed in K bϪ/Ϫ D bϪ/Ϫ mice was mediated by CD8
ϩ T cells, we transferred immune splenocytes depleted of various T cell subsets into naive K bϪ/Ϫ D bϪ/Ϫ mice and then challenged the mice with a lethal dose of Listeria. The immune splenocytes were harvested from mice infected 2 weeks earlier with a sublethal dose of L. monocytogenes. This cell population should therefore include mainly memory T cells, not primary effector T cells. Adoptive transfer of immune splenocytes afforded a significant level of protection (Fig. 4) , whereas transfer of naive splenocytes resulted in death of the animals within 4 days. Depletion of CD4 ϩ T cells had no significant effect on the level of protection observed. However, depletion of CD8 ϩ T cells resulted in a greatly increased bacterial load (3 orders of magnitude) in the livers of C.B10 K bϪ/Ϫ D bϪ/Ϫ mice (Fig. 4) . Taken together, these data suggest that during a primary Listeria infection class Ib MHCrestricted CD8 ϩ T cells are primed that provide protective immunity against subsequent lethal challenge with L. monocytogenes.
Expansion of CD8 ϩ T cells in class Ia MHC-deficient mice
Many different cell types in the spleen are capable of responding to Listeria infection, and the resulting inflammation causes significant splenomegaly, particularly during primary infection when the bacterial load is higher (6) . CD8 ϩ T cell expansion occurs in conjunction with the proliferation of other splenocytes; thus, a net increase in the percentage of CD8 ϩ cells found in the spleen is not usually observed. However, a direct comparison of the number of T cells and the number of total splenocytes found during Listeria infection clearly indicated that CD8 ϩ cells were proliferating to a greater extent in K bϪ/Ϫ D bϪ/Ϫ mice than in K bϩ/ϩ D bϩ/ϩ mice (Fig. 5A) . In K bϪ/Ϫ D bϪ/Ϫ mice, the total number of splenocytes increased ϳ2-fold during primary infection, but there was a 5-fold increase in CD8 ϩ cells. During this same time period, CD4 ϩ cells increased only 2-fold, corresponding to the overall 2-fold increase in total splenocytes. In wild-type mice, the increase in both CD4 ϩ and CD8 ϩ cells was proportional to the total increase in splenocytes observed 5-7 days after infection. Similar kinetics of T cell expansion was seen after secondary infection with L. monocytogenes (Fig. 5B) . No significant elevation of total splenocytes was seen in wild-type or class Ia MHC-deficient mice 3-6 days after secondary Listeria challenge. However, the number of CD8 ϩ cells in K bϪ/Ϫ D bϪ/Ϫ mice increased Ͼ4-fold by day 6 after infection. This suggests that a significant portion of the class Ib MHC-restricted CD8
ϩ T cells present in K bϪ/Ϫ D bϪ/Ϫ mice recognized Listeria-specific Ags and proliferated in response to this interaction.
Isolation of a Listeria-specific, class Ib MHC-restricted CD8 ϩ T cell line
To begin to identify the specific CD8 ϩ T cell populations responsible for protection in the class Ia MHC-deficient mouse model of listeriosis, we attempted to isolate CD8 ϩ T cell lines from the spleens of Listeria-infected K bϪ/Ϫ D bϪ/Ϫ mice. Two weeks after a sublethal infection, splenocytes were harvested and stimulated in vitro with irradiated, syngeneic, Listeria-infected BMM⌽. The resulting T cell line, S169, was restimulated weekly using the same protocol. Analysis of cell surface markers by flow cytometry indicated that line S169 was a heterogeneous mixture of ϳ61%
CD8
ϩ T cells and 36% CD4 ϩ T cells (Fig. 6 ). To enrich for CD8 ϩ T cells, line S169 was depleted of CD4 ϩ T cells using mAb-coated magnetic beads and then restimulated as described above. The resulting T cell line was designated S169.8 and was shown to be 93% CD8 ϩ (Fig. 6) . Effector function of line S169.8 was assessed by measuring IFN-␥ secretion and cytotoxicity. More than 80% of S169.8 T cells expressed high levels of IFN-␥ 6 h after exposure to Listeriainfected BALB/c BMM⌽ as determined by intracellular cytokine staining (Fig. 7A ). S169.8 T cells exposed to uninfected macrophages did not secrete IFN-␥. Listeria-infected or uninfected J774 (H-2 d ) macrophage-like cells were also used as targets in a chromium release assay to assess the lytic capacity of line S169.8. Significantly greater lysis of Listeria-infected J774 cells was observed compared with lysis of uninfected cells (Fig. 7B) . A control cell line (479-2), which recognizes LLO 91-99 peptide in the context of K d , showed less specific lysis of infected J774 cells than did line S169.8. Similar results were obtained when primary BMM⌽ from either BALB/c mice or C.B10 K bϪ/Ϫ D bϪ/Ϫ mice were used as target cells in chromium release assays (data not shown).
To determine whether line S169.8 recognized one of the three known Listeria-derived peptide epitopes that bind to M3 molecules, we quantified fMIVIL, fMIGWII, and fMIVTLF reactivities by ELISPOT analysis. No fMIVIL-or fMIVTLF-specific IFN-␥-secreting cells were detected in line S169.8 (Fig. 7C) . A small number (ϳ0.4%) of fMIGWII-specific T cells were observed; however, the dominant Ag recognized by line S169.8 did not appear to be one of these three formylated peptides. Intracellular cytokine staining was used to verify these results and revealed that 0.01% of the cells recognized either fMIVIL or fMIVTLF peptide and 0.11% of the cells recognized fMIGWII (data not shown).
Line S169.8 T cells confer protection against Listeria
To determine whether the CD8 ϩ T cells in line S169.8 could alter the course of a systemic Listeria infection, we adoptively transferred T cells to naive class Ia MHC-deficient mice. Thirty minutes later, the mice were infected with 3 LD 50 of L. monocytogenes. A control group of mice received no T cells. Three days postinfection, the mice were sacrificed, and the bacterial load was assessed by plating dilutions of spleen and liver homogenates. As shown in Fig. 8 , adoptive transfer of S169.8 T cells conferred protection against Listeria challenge. Transfer of 2 ϫ 10 7 T cells resulted in 3 logs fewer bacteria present in the spleen and at least 2 logs fewer bacteria present in the liver compared with mice that received no T cells. The bacterial load in mice that received 10-fold fewer T cells (2 ϫ 10 6 ) was not significantly different from the number of Listeria organisms found in mice that were not given T cells. These results indicate that line S169.8 contains CD8
ϩ T cells that recognize Ags expressed during infection of mice and that these T cells can play a role in the clearance of L. monocytogenes.
Discussion
Although it has been demonstrated that several class Ib MHC molecules can present Ags to T cells, it has not been clear whether these T cells play a significant role in adaptive immune responses. In this report, we describe the generation of a class Ia MHC-deficient congenic BALB/c mouse strain and show that an enhanced CD8 ϩ T cell recall response can be stimulated in these animals that protects against subsequent challenge with the intracellular bacterial pathogen L. monocytogenes. L. monocytogenes was chosen as a representative intracellular pathogen for these studies because it is a well-characterized bacterium with a simple, reproducible mouse model that is absolutely dependent on CD8 ϩ T cells for clearance. However, there are several other organisms such as Chlamydia trachomatis, Brucella abortus, and Trypanosoma cruzi that more readily infect BALB/c mice than other commonly studied mouse strains such as C57BL/6 (28 -30). The highly susceptible class Ia MHC-deficient BALB/c mice described in this report will be useful for further characterizing the role of CD8 ϩ T cells in the clearance of these intracellular pathogens.
Many different strains of mice can be infected systemically with L. monocytogenes. We chose to use the BALB/c mouse model because BALB/c mice have higher bacterial loads during the later stages of infection than other mouse strains. The full magnitude and function of CTL responses will likely be required to effectively clear L. monocytogenes in these highly susceptible animals. A genetic basis for the differences in host susceptibility to Listeria infection has been well established. At least three loci, including the Hc gene coding for C5, appear to be involved in determining the level of innate resistance to infection with L. monocytogenes (31) (32) (33) . Because these differences are observed as early as 1-3 days postinfection, the mechanisms underlying the susceptibility most likely involve innate immunity or resistance rather than specific adaptive immune responses.
Seaman et al. (34) ϩ T cells would be needed to clear the infection. In contrast, studies using the more sensitive BALB/c mice have identified several protective antigenic epitopes presented by K d molecules. It was previously thought that activation of these class Ia MHC-restricted CD8 ϩ T cells was absolutely required for clearance of Listeria infection in BALB/c mice. Therefore, an important question remained to determine whether class Ib MHC-restricted CD8 ϩ T cells would also be sufficient to clear the higher bacterial loads found in BALB/c mice after infection with L. monocytogenes.
We show here that class Ia MHC-deficient BALB/c mice immunized with a sublethal dose of L. monocytogenes are fully protected against a subsequent lethal challenge with Listeria. Despite the fact that these mice have a 5-to 10-fold decrease in the number of circulating CD8 ϩ T cells (23) , the class Ib MHC-restricted T cells present in these mice are sufficient to provide effective adaptive immunity. Only the CD8 ϩ subset of immune splenocytes from K bϪ/Ϫ D bϪ/Ϫ mice was required to adoptively transfer immunity to naive mice, suggesting that the animals did not simply use alternate compensatory mechanisms to clear Listeria in the absence of class Ia MHC-restricted CTL. In the adoptive transfer experiment presented here, we used splenocytes harvested from mice infected 14 days earlier with L. monocytogenes. Most adoptive transfer studies utilize splenocytes harvested only 6 -7 days after infection. T cells present in the spleens of 6-day-immune mice are mostly primary effector cells that have been expanded after activation. In contrast, 2 wk after infection, most of the primary effector T cells have undergone apoptosis, and the remaining Listeria-specific T cells are presumably memory cells.
Interestingly ϩ T cell population. Alternatively, class Ib MHC-restricted T cells may traffic differently than class Ia MHC-restricted T cells, with more cells migrating from the periphery to the spleen. It could be suggested that the reduced number of CD8 ϩ T cells in K bϪ/Ϫ D bϪ/Ϫ mice are simply expanding to fill lymphoid space. However, both CD4 ϩ and CD8 ϩ T cells reside primarily in the periarteriolar lymphoid sheath of the spleen, and we saw no relative increase in the number of CD4 ϩ cells after L. monocytogenes infection. Our results with wild-type C.B10 mice were similar to a previous study in BALB/c mice which showed that infection-induced splenomegaly results in an approximate doubling of splenocytes, with a corresponding 2-fold increase in CD4 ϩ , CD8 ϩ , and NK cells (6) .
To begin to identify specific class Ib MHC-restricted T cells capable of protecting against Listeria infection, we isolated a CD8 ϩ T cell line (S169.8) from a class Ia MHC-deficient BALB/ c-congenic mouse that had recovered from a L. monocytogenes infection. This T cell line displayed two Listeria-specific effector functions, cytotoxicity and IFN-␥ secretion. Adoptive transfer of these T cells to naive mice resulted in significant protection against infection with L. monocytogenes. In fact, the level of protection observed in spleens (ϳ3.0 logs; Fig. 8 ) was almost the same as the protection that can be afforded by prior immunization with a sublethal dose of Listeria.
The nature of the L. monocytogenes Ag recognized by line S169.8 T cells and the identity of the class Ib MHC molecule presenting this Ag are not yet known. Only three class Ib MHCbinding antigenic epitopes derived from Listeria have been described to date, and each of these is a formylated peptide presented by M3 molecules. Although a small percentage of line S169.8 recognizes formylated MIGWII peptide (Fig. 7C) , the major reactivity present in the T cell line does not appear to be one of the three known M3-binding peptides. Preliminary experiments indicate that line S169.8 does not recognize an Ag presented by CD1d (S. E. F. D'Orazio and M. N. Starnbach, unpublished observations). Because previous studies have suggested that there is not an enhanced recall response for either Qa-1 b -restricted (37) or M3-restricted (38, 39) CD8 ϩ T cells during secondary Listeria infection, it is possible that line S169.8 recognizes an Ag presented by one of the less well-characterized class Ib MHC molecules. We are currently generating T cell clones derived from line S169.8 and plan to use these clones to identify antigenic epitopes, determine MHC restriction, and assess the degree of TCR diversity found in this protective CD8 ϩ T cell line. One of the challenges in studying class Ib MHC-restricted T cells has been that they often comprise only a small fraction of the total lymphocytes in wild-type mice. Isolation of these T cells during infection can be difficult when a large class Ia MHC-restricted T cell response occurs simultaneously. Although class Ib MHC-restricted T cells are not found in large numbers in lymphoid organs, they may still have a important role in the clearance of intracellular pathogens in wild-type mice. It has been suggested that some class Ib MHC-restricted T cells may function as a critical link between the early innate immune response, and the specific adaptive immune response that occurs later (40) . By eliminating the dominant class Ia MHC-restricted T cell response, the mice described in this report may be useful for identifying new class Ib MHC molecules that present unique classes of Ags during infection.
